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Recent developments in the field of microfluidics have created a multitude of new 
useful techniques for practical particle and cellular assays. Among them is the use of 
dielectrophoretic forces in “lab-on-a-chip” devices. This sub-domain of electrokinetic 
flow is particularly popular due to its advantages in simplicity and versatility. This thesis 
makes use of dielectrophoretic particle manipulations in three distinct spiral 
microchannels.  
In the first of these experiments, we demonstrate the utility of a novel single-
spiral curved microchannel with a single inlet reservoir and a single outlet reservoir for 
the continuous focusing and filtration of particles. The insulator-based negative-
dielectrophoretic (repulsive) force is used in a parametric study of the effects of electric 
field strength, particle size, and solution concentration on particle focusing abilities. It 
was summarily determined that all three factors are positively correlated with increased 
particle focusing ability. From these results, a partial filtration of 10 µm particles from a 
binary solution of 3 and 10 µm particles was demonstrated. Also observed was a balance 
between dielectrophoretic and repulsive particle-wall interactions; thus yielding a novel 
approach for particle manipulation.  
Following the results of the first, we demonstrate in the second experiment a 
continuous-flow electrokinetic separation of both a binary mixture and a ternary mixture 
of colloidal particles based on size in a single-spiral microchannel with a single inlet 
reservoir and triple outlet reservoirs. This method also utilizes both curvature-induced 
dielectrophoresis to focus particles to a tight stream and the previously observed wall-
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induced electric lift to manipulate the aligned particles to size-dependent equilibrium 
positions. Due to the continuous nature of the flow through concentric spiral loops, both 
focusing forces influence particles simultaneously. This novel technique is useful for its 
compact geometry, robust structure, ease of manufacture, and ease of use in the 
manipulation of independent particle species. A theoretical model is also developed to 
understand this separation, and the obtained analytical formula predicts the 
experimentally measured particle center-wall distance in the spiral with a close 
agreement.   
We demonstrate in the third experiment a continuous-flow electrical sorting of 
spherical and peanut-shaped particles of similar volumes in an asymmetric double-spiral 
microchannel with a single inlet reservoir and triple outlet reservoirs. This experiment, 
unlike the first two, differentiates particle species based principally on shape. Shape is an 
intrinsic marker of cell cycle, an important factor for identifying a bio-particle, and also a 
useful indicator of cell state for disease diagnostics; therefore, shape can be a specific 
marker in label-free particle and cell separation for various chemical and biological 
applications. The double-spiral geometry exploits curvature-induced dielectrophoresis to 
initially focus particles to a tight stream in the first spiral without any sheath flow. 
Particles are subsequently displaced to shape-dependent flow paths in the second spiral 
without any external force. We also develop a numerical model to simulate and 
understand this shape-based particle sorting in spiral microchannels. The predicted 




 I would like to first thank my advisor, Dr. Xiangchun Xuan, for providing me 
with the opportunity to work with and for him during the past three years. He has guided 
me through every aspect of my graduate studies with patience and encouragement. I also 
appreciate his numerous efforts in providing me with funding during my time at 
Clemson. 
 In that same vein, I would like to earnestly thank Dr. Schweisinger, Dr. Figliola, 
and Dr. Tong for allowing me the opportunity to assist them as a teaching and grading 
assistant. Your trust in me was more instructive than I could have imagined, and your 
willingness to teach me was always appreciated. 
 I would also like to express my sincere appreciation for my friends and 
colleagues, Saurin Patel, Xinyu Lu, Litao Liang, Chen Chen, Remy Zeng, Junjie Zhu, 
Nathaniel Tupper, Yilong Zhou, and Vincent Brown. Thank you for your computational 
work and experimental expertise. Without you, I would have had a much harder time in 
lab, class, and life. You have each taught me so much through your kindness and support.  
 Finally, I would like to extend my gratitude to my family and friends outside of 





TABLE OF CONTENTS 
    Page 
ABSTRACT……………………………………………………………………………..  ii 
ACKNOWLEDGEMENTS………………………….…………………………………  iv 
LIST OF FIGURES……………………………………………………………………. viii 
NOMENCLATURE…………………………………………………………………....  xii 
CHAPTER 1: Introduction...……………………………………………………….……. 1 
1.1   Aims and Motivation…...………………………………………………………. 1 
1.2  Background on Particle Manipulations in Microfluidics..………………………. 2 
1.3  Background on Electrokinetic Flow………………………...……………………7 
1.3.1  Electric Double Layer…………………...………………………………….7 
1.3.2  Electro-osmosis…………...……………………………………………….. 9 
1.3.3  Electrophoresis……...……………………………………………………..10 
1.3.4  Dielectrophoresis…………..……………………………………………...11 
      1.4  Thesis Overview………………….………………..……………………………13 
CHAPTER 2:  Dielectrophoretic Focusing and Filtration in a Spiral Microchannel....... 16 
2.1  Background on Particle Focusing…..……..………………………………...…. 16 
2.2  Experiment………………………………..……………………………………. 17 
2.2.1  Experimental Setup…….…………..………………………………..….. 17 
2.2.2  Device Fabrication……………………………………….………………19  
2.3  Theory…………………………………………………………………………..21 
2.3.1  Mechanism……………………….…………………………………...... 21 
vi 
 
Table of Contents (Continued)                
Page 
2.3.2  Numerical Simulation………………………………………………….. 24 
      2.4  Results and Discussion…………………………………………………………26 
2.4.1  Electric Field Effects…………………………………………………... 26 
2.4.2  Particle Size Effects……………………………………………………..28 
2.4.3  Solution Concentration Effects...………………………………………. 29 
2.4.4  Filtration…….………………………………………………………….. 31 
2.5  Summary……………………………………………………………………..... 32 
CHAPTER 3:  Electrokinetic Separation in Single Spiral Microchannels.………….….33 
3.1  Background on Particle Separation…………………………………………… 33 
3.2  Experiment…………………………………………………………………......34 
3.3  Theory……………………………………………………………………….... 36 
3.4  Results and Discussion…………………………………………………………38 
3.4.1  Particle Focusing………………………………………………………. 38 
3.4.2  Binary Particle Separation …………………………………………….. 41 
3.4.3  Ternary Particle Separation……………………………………………..43 
3.5  Summary……………………………………………………………………….46 
CHAPTER 4:  Separation of Particles Based on Shape in a Spiral Microchannel.….....48 
4.1  Background on Cell Lysis and Trapping………………………………………48 
4.2  Experiment…………………………………………………………………......49 
4.3  Theory………………………………………………………………………….50 
vii 
 
Table of Contents (Continued)             
Page 
4.3.1  Mechanism……………………………………………….......................50 
4.3.2  Numerical Modeling……………………………………………………53 
4.4  Results and Discussion………………………………………………………...54 
4.5  Summary……………………………………………………………………….60 





LIST OF FIGURES 
Figure               Page 
Figure 1.1: A theoretical schematic of the electric double layer. Positively charged ions 
are represented as purple circles, while the rarified negative ions are represented 
as green circles. For consistency, the solid surface is likewise green due to its 
negative charge. A dashed line representing the shear plane emphasizes the 
separation of the compact (stern) layer from the diffuse layer………………….8 
 
Figure 1.2: A theoretical schematic of the electro-osmotic velocity profile resulting from 
the presence of an electric field and a particle undergoing electrokinetic motion. 
For consistency with Fig. 1.1, the positive ions and the external cathode are 
represented in purple. Furthermore, the negatively charged solid channel walls, 
solid particle, and the anode are represented in green. The large red arrow 
signifies the direction of the electric field, while the smaller red arrows signify the 
magnitude and direction of the fluid…………..………………...........................9 
 
Figure 2.1: Single-spiral microchannel pictured both from the side and from above in the 
figure inset. The larger skewed side-view displays the entire microchannel and 
slide with inlet and outlet reservoirs inserted. The top-view shown in the inset 
image reveals the relative size and flow direction of the device. The channel is 
dyed green for visualization……………………………………………………..18 
 
Figure 2.2: Illustration of the particle manipulation mechanism arising from the imposed 
electric field. Arrows at the bottom of the figure portray the direction of the 
electric field, while the coloration illustrates its varying intensity (the darker, the 
higher). Components of particle velocity arise from electrokinetic (   ), 
dielectrophoretic (    ), and interactions between the particle and the wall 
(    )…………………………………………………………………………..22 
 
Figure 2.3: Superimposed images of 10 μm particle trajectories in a 1mM PB solution in 
comparison with numerical modeling results. Various applied voltages alter the 
particle trajectories through an increase in deflection. Imposed potentials were as 
follows: 400 V for images (a1), (a2), (a3), and (a4); 800 V for images (b1), (b2), 
(b3), and (b4); and 1600 V for images (c1), (c2), (c3), and (c4). Experimental 
results appear on the left, while numerical results appear on the left. The channel 
spiral images were captured in the middle right quadrant of the spiral………..27 
 
Figure 2.4: Superimposed images of experimental results comparing particle focusing 
effects based on particle size. An imposed potential of 800 V DC was applied to 




List of Figures (Continued) 
Figure               Page 
respectively. (b1) and (b2) show 15 µm particles in the channel spiral and outlet 
respectively……………………………………………………………………...28 
 
Figure 2.5: Superimposed images of experimental results comparing particle focusing 
effects based on particle size. An imposed potential of 800 V DC was applied to 
each inlet. Images (a1) and (a2) show a 1 mM PB solution of 15 µm particles in in 
the channel spiral and outlet respectively. (b1) and (b2) show a 2 mM PB solution 
of 15 µm particles in the channel spiral and outlet respectively………………..30 
 
Figure 2.6: Snapshot image (a) and superimposed image (b) of evenly distributed 3 μm 
particles and fully focused 10 μm particles in a binary solution under an imposed 
potential of 1600 V. The darker stream in image (b) shows the focusing of 10 μm 
particles into the second partition from the right at the base of the image. Lighter 
streams are 3 μm particles distributed throughout. Comparative numerical 
simulations under the same parameters are given in image (c)…………………31 
 
Figure 3.1: Top-view image of the single-spiral microchannel (filled with green food dye 
for visualization) used in particle focusing and separation experiments. The three 
outlets are numbered for references in the text and the block arrows indicate the 
flow directions…………………………………………………………………..35 
 
Figure 3.2: Illustration of the mechanism of electrokinetic particle separation in a curving 
microchannel due to the C-iDEP focusing and the particle size-dependent 
equilibrium position of the focused particles. The background shows the electric 
fields lines and contour (the darker color, the higher magnitude). Special attention 
is given to emphasize the effect of the particle-wall interaction force…………37 
 
Figure 3.3: Superimposed images of particle-wall separation distances within the channel 
for 5 μm particles in images (a1) and (a2) and for 10 μm particles in images (b1) 
and (b2). The top images are taken at the spiral sections of the channels, while the 
bottom images are taken at the point of divergence for the channels. In each case, 
the imposed voltage at the inlet was 1600 V DC and all outlets were grounded. 
The zoomed portions of each image demonstrate the tendency for particle streams 
to migrate to the left due to a particle-wall interaction force which dominates the 
lateral particle motion after the spiral section ends…………………………….40 
 
Figure 3.4: Superimposed images of particle trajectories for the separation of a binary 
solution of 5 μm and 10 μm particles. Image (a) is an incomplete separation under 
an imposed potential of 1400V DC with all outlets grounded. Image (b) is a 
complete separation under an imposed potential of 1600 V DC with all outlets  
x 
 
List of Figures (Continued) 
Figure               Page 
grounded. Image (c) is a complete separation under an imposed potential of 1400 
V DC with the left-most outlet at a biased potential of 9 V; the other two outlets 
are grounded. Results of independent particle behaviors from numerical 
simulations under the same voltage conditions as image (c) are given in image 
(d)……………………………………………………………………………….41 
 
Figure 3.5: Superimposed (a) images for the ternary separation of 5, 10, and 15 μm 
particles under an imposed inlet voltage of 1600V DC and biased outlet voltages 
of 40V DC at the second (center) outlet and 19V DC at the first (right-most) 
outlet. Results of independent particle behaviors from numerical simulations 
under the same voltage conditions are given in image (b)……………….……..44 
  
Figure 3.6: Column graph representing the purity of the ternary particle separation at 
1600V DC inlet voltage and biased outlet voltage. Percentages of particles 
entering each outlet are displayed. 97% of particles in outlet 1 (right-most) are 5 
μm, 87% of particles in outlet 2 (center) are 10 μm, and 83% of particles in outlet 
3 (left-most) are 15 μm…………………………………………………………45 
 
Figure 4.1: Picture of the double spiral channel used for the shape-based separation. 
Green dye was added to the channel for clarity. Arrows are included to indicate 
flow direction and outlets have been labeled for use in experimental 
discussion……………………………………………………………………….49 
 
Figure 4.2: Illustration of the particle sorting mechanism as it occurs in the center of an 
asymmetric double spiral microchannel. Color contours of the electric field 
intensity (the darker the higher) and electric field lines are included along with the 
direction of the C-iDEP velocity for peanut and spherical particles. The 
differentiated positions of the particles are clear in the second spiral………….51 
 
Figure 4.3: Snapshot images showing the different stages of particle sorting for 3.5 µm-
diameter/6 µm-length peanut-shaped particles and 5 µm-diameter spherical 
particles in a double spiral microchannel. Image (a) shows the uniform 
distribution of particles at the inlet. Image (b) shows the focusing and subsequent 
splitting of particle streams in the center. Image (c) shows the full separation with 
peanut-shaped particles circled for illustration. Arrows indicate the direction of 
flow…………………………………………………………………………….55 
 
Figure 4.4: Column Graph displaying the measured purity of particle sorting by C-iDEP 
in terms of the percentages of spherical and peanut-shaped particles into outlets 1 
and 3 [see Figs. 4.1 and 4.3(c)]……………………………………………...…56 
xi 
 
List of Figures (Continued) 
Figure               Page 
Figure 4.5: (a) The numerically predicted trajectories of spherical and peanut-shaped 
particles (three for each type with one showing the shape) moving 
electrokinetically through the most inner loop of an asymmetric double-spiral 
microchannel; (b) zoom-in view of the predicted translation and rotation of 
particles (one for each type) at the initial few time steps; (c) further zoom-in view 
of the distorted electric field lines and contour (the darker the larger magnitude) 
around a peanut-shaped particle. The block arrows in (a) indicate the flow 
directions……………………………………………………………………….57 
 
Figure 4.6: Superimposed image of channel trifurcation under an imposed voltage of 
1200 V DC at the inlet and a biased voltage of 31 V at outlet 3. Other outlets were 




















    Wall zeta potential 
     Electrokinetic mobility 
     Electro-osmotic velocity 
     Electrophoretic velocity 
     Electrophoretic mobility 
     Electro-osmotic mobility 
    Particle zeta potential 
   Electric field 
    Fluid dynamic viscosity 
    Real component of fluid permittivity 
       Electric field force on an arbitrary particle 
   Particle net charge 
   Dipole component of force resulting from a particle in an electric field 
   Arbitrary spatial term 
   Particle diameter 
   Particle radius 
      Theoretical dielectrophoretic component of electric field 
      Dielectrophoretic force on an arbitrary particle 
  ̃  Complex permittivity of a fluid 
  ̃  Complex permittivity of a particle 




   Imaginary number 
   Angular frequency 
     Claussius-Mossotti factor 
    Particle conductivity 
    Fluid conductivity 
        Real component of the Claussius-Mossotti factor 
    Particle bulk conductivity 
    Surface conductance 
    Overall particle velocity 
      Particle velocity due to the particle-wall interaction force 
      Numerically derived coefficient of particle-wall velocity component 
   Separation distance from the particle to the wall 
   Computational correction factor 
   Unit vector normal to the channel wall 
   The rotating angle of a spiral 
   The radius of curvature of an electric field line 
    Instantaneous position of a particle 
    Initial position of a particle 
   Time 
   Electric field magnitude 
      Particle-wall interaction force 




     Equilibrium position of the particle center and the wall 
    Shape correction factor for the Stokes drag on a non-spherical particle 
    Shape depolarization factor 





CHAPTER 1:  Introduction 
1.1 Aims and Motivation 
 The pace of technology, especially in recent years, is such that micro-scale 
devices are increasingly valued and sought after. Everything from consumer goods to 
research devices has seen an emphasis on improvement through size reduction. The same 
has been the case in the fields of mechanical and biomedical engineering through the 
introduction of “Lab-on-a-chip” (LOC) devices. Microfluidic applications implemented 
in LOC devices have been rapidly expanding within the last two decades. The effort of 
these devices has largely been to shrink large laboratory research and diagnostic tools to a 
smaller size to reduce cost, improve effectiveness, and increase portability (Xuan 2008). 
The hope is to make such devices readily available for use in environments that would 
otherwise not have access to the large machines which these devices seek to replace.  
 LOC devices typically consist of a network of embedded microchannels whose 
height and width are generally on the order of 100 µm. In these channels, small quantities 
of solution made up of solvent, sample, and (occasionally) reagent are analyzed with 
incorporated controls and sensors (Sia and Whitesides 2003). These devices can be used 
either in isolation or in parallel for high throughput applications. Due in part to the ease 
with which they can be manufactured, LOC devices have the possibility for a wide range 
of uses (Erickson and Li 2004). Typically, these uses fall into one of three categories: 
focusing, separating, and trapping of synthetic or bio-particles. The first of these uses 
refers to the focusing of a scattered sample to a single streamline. It is often a precursor to 
other, more complex manipulations. Like focusing, separation requires the independent 
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concentration of a stream of particles; however, each independent stream is further 
segregated from the remaining solution based on some intrinsic or extrinsic property. 
Trapping is also a form of particle concentration; however, it requires a restriction of 
movement from a region of the microchannel.  
 The first and perhaps most robust technique for achieving these particle 
manipulations was the use of electrokinetic flows. Much work has been done toward the 
goal of refining this technique for real world application because of its simplicity and 
consistency. The concern of this work, which will be explained in greater detail 
throughout the following sections and chapters, lies in a sub-domain of electrokinetic 
flows which emerges from particle behavior in a non-uniform electric field. 
Dielectrophoresis, as it is called, has been a particularly important domain for our 
research group. A technique known as curvature-induced dielectrophoresis (C-iDEP) was 
recently demonstrated by our group for particle separations based on size and charge. The 
following work is partly a continuation of that study, but it also extends into novel 
focusing and separation techniques which will hold particular value for further research.  
1.2 Background on Particle Manipulations in Microfluidics 
The efficient focusing and separation of discrete particle species is a topic of 
interest in numerous research fields for their practical application to problems 
encountered in both academia and industry. Among these, along with others, are: 
medicine, agriculture, food technology, and pharmaceuticals (Meighan et al. 2009). For 
the manipulation of particles based on intrinsic and extrinsic properties, batch-wise 
techniques (Kulrattanarak et al. 2008) such as filtration (Sethu et al. 2006), 
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chromatography (Dainiak et al. 2008), electrophoresis (Kremser et al. 2004; Rodriguez 
and Armstrong 2004), centrifugation (Burger and Ducree 2012) and field-flow 
fractionation (Giddings 1993) have historically been favored; however, in recent years, 
the concept of continuous flow manipulation has become increasingly explored and 
developed (Pamme 2007; Lenshof and Laurell 2010; Bhagat et al. 2010). This technique 
involves the continuous injection of a stream of particles into a channel so that an angular 
force may act upon the particles throughout the channel. This force can be realized in one 
of two ways: actively or passively. For the former, non-mechanical particle manipulation 
typically involves the existence of one or more field forces which interact with the 
particles in distinct ways depending upon the characteristics of the particle species. Such 
forces include gravitational (Huh et al. 2007), electrical (Zhang and Manz 2003; 
Gascoyne and Vykoukal 2002), optical (Kim et al. 2008), magnetic (Liang et al. 2013; 
Pamme 2006), acoustic (Adams and Soh 2010; Shi et al. 2009), or hydrodynamic fields 
(Vig and Kristensen 2008; Takagi et al. 2005). Manipulations based on an internal force 
arising from the channel topology can also be used for continuous flows. Among these 
types are: deterministic lateral displacement (Huang et al. 2004), insulator-based 
dielectrophoresis (Srivastava et al. 2011), hydrodynamic filtration (Yamada and Seki 
2005), hydrophoresis (Choi et al. 2009), inertial microfluidics (Di Carlo 2009), etc. Most 
such forces are generally only useful for separations based on size; however, electric field 
forces like those used in this work are typically useful for separation by size, charge and 
other properties (Zhu and Xuan 2011).  
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Again, the most widely utilized among the external field forces is one which 
arises from an imposed electric field. The fluid flow under the action of an external 
electric field, known as electro-osmosis, is a useful tool for the direction of fluids in a 
well behaved and easily controlled manner. For the case where the electric double layer 
(EDL) is thin, the velocity profile, which differs from that of conventional parabolic 
pressure driven flows, takes a plug-like form.  This profile is generally uniform under an 
acceptable range of channel dimensions and imposed electrical potentials (Sinton 2003). 
Such features allow for relatively simple fluid manipulation and subsequent analysis. 
Dispersion of particles within electro-osmotically driven fluids is therefore less likely to 
arise from fluid shear. While such forces can be useful for the separation of particles in 
spiral microchannels (Kuntaegowdanahalli et al. 2009) (Bhagat et al. 2008), the 
manipulation of particle velocities is less straightforward. At sufficient velocities, low 
Reynolds number flows like those used in this thesis will allow for inertial forces to be 
neglected (Leal 1980). The remaining body forces affecting the particle are therefore only 
a consequence of the imposed electric field. One such force of particular interest in this 
thesis is, again, the dielectrophoretic force (DEP) which arises from electric field non-
uniformities.  
A great deal of recent research into dielectrophoretic particle manipulations has 
been performed with imposed non-uniform electric fields resulting from imbedded 
electrode micro-arrays within the channel itself (Kang et al. 2008). Using this structure, 
particles or cells are reoriented according to the magnitude and direction of the imposed 
alternating electric field (AC). These implanted electrode arrays typically utilize high 
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frequency AC voltages to create electric field gradients (Choi and Park 2005). Field 
frequency and amplitude can be tuned for the desired action of particles, making this 
technique generally effective for a range of particle species. Dynamic AC-DEP channels 
of this nature, however, do have distinct disadvantages. Among them are the following: 
(1) standard soft lithography techniques for microchannel fabrication can be made 
increasingly complex when electrodes must be imbedded within the channel itself, (2) the 
formation of gas bubbles at electrodes resulting from electrolysis can occur within the 
channel (Kang and Li 2009), and (3) fouling of the channel structure can occur at high 
AC fields due to resistive Joule heating. To overcome some of these difficulties, external 
electrode structures have been proposed which do not make contact with the channel, but 
that preserve the influence of AC fields through the use of dielectric barriers (Shafiee et 
al. 2009). These channels, however, require an externally applied pressure driven flow in 
order to pump the particle stream. 
An alternative to these dynamic non-uniform electric field techniques makes use 
of insulating channel geometries to form non-uniform electric fields. Insulating barriers 
embedded within channels and the topology of the channel structures can be used to 
achieve similar DEP effects to electrode-based DEP (eDEP). Because they are made of 
the same material as the channel substrate, insulating structures like hurdles, posts, or 
channel curvatures are inherently non-conducting. As a result, electric field lines are 
squeezed to conform to the geometry of the channel (Barrett et al. 2005). Local electric 
field gradients therefore arise which can be used to manipulate particles.  Insulator based 
dielectrophoresis (iDEP) is useful in several ways: (1) the intrinsic variation of imposed 
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electric fields allows for the use of direct current (DC) electric fields rather than AC 
fields which have a larger tendency toward channel fouling due to Joule heating from 
high frequency, high intensity electric fields (2) no embedded electrodes are needed, 
which allows channel fabrication to be much more straightforward, and (3) electrodes are 
placed outside the channel, which reduces the effects of electrolysis observed in 
embedded electrodes. Having electrodes at the inlet and outlet of the channels is also 
desirable in terms of channel integrity, cost efficiency, and the presumed ability to 
increase throughput on an industrial scale (Lapizco-Encinas et al. 2008). The usefulness 
of this technique has been demonstrated in a number of applications, including the 
manipulation of DNA (Chou et al. 2002; Regtmeier et al. 2007), the separation of particle 
species (Cummings and Singh 2003), the manipulation of live bacteria species, the 
separation of microbial species (Lapizco-Encinas et al. 2004; Moncada-Hernandez et al. 
2010), etc.   
The nature of DEP as it relates to particle motion is fundamentally different from 
the electrophoretic motion that also arises from the presence of electric fields. The ability 
for a particle to move downstream depends upon the interaction of dielectrophoretic 
forces and electrokinetic forces. Electrokinetic force is linearly related to the strength of 
the electric field while dielectrophoretic forces are non-linearly related. The intersection 
of these two forces suggests the existence of a threshold voltage in an electric field 
gradient above which the DEP component dominates other forces. At this regime, the 
selective trapping of particles is possible (Lee and Han 2010; Lewpiriyawong et al. 2012; 
Yan et al. 2007). Below this threshold, however, particles are generally allowed to pass 
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through channel structures with a resultant motion which varies according to the size of 
the particles. Streaming phenomena of this sort can be achieved under iDEP conditions 
using a number of various channel geometries. Among them are: constriction channels 
(Zhu and Xuan 2009a), saw-tooth channels (Pysher and Hayes 2007), insulating posts 
(Lapizco-Encinas et al. 2004; Chavez-Santoscoy et al. 2011), serpentine channels (Zhu et 
al. 2009; Church et al. 2010), insulating hurdles (Kang et al. 2008), insulating ridges 
(Barrett et al. 2005), and spiral microchannels (Zhu and Xuan 2011) (Zhu et al. 2010). 
The spiral microchannel used in Zhu and Xuan’s experiments utilizes a double spiral 
which focuses and subsequently separates particle species in two different spiral sections. 
This design is also employed for the shape-based separation included in chapter 4 of this 
thesis. Although the curvature-induced dielectrophoretic (C-iDEP) principle is similar for 
both the double (Fermat’s) spiral and single (Archimedean) spiral channels used in this 
work, a novel separation technique which arises from a particle’s interaction with the 
channel wall is employed in the single spiral. One of the major advantages of these 
channels is their decreased footprint. As will be explored in the following chapters, the 
focusing, filtration, and separation of particles can be achieved based on both size and 
shape distinctions. 
1.3 Background on Electrokinetic Flow 




Figure 1.1 A theoretical schematic of the electric double layer. Positively charged ions 
are represented as purple circles, while the rarified negative ions are represented as green 
circles. For consistency, the solid surface is likewise green due to its negative charge. A 
dashed line representing the shear plane emphasizes the separation of the compact (stern) 
layer from the diffuse layer. 
 
In general, when a surface is introduced to an aqueous medium, ions of opposite 
charge to the intrinsically charged surface (counter-ions) will, as expected, be attracted to 
the surface, while ions of the same charge (co-ions) will be repelled. Depending on the 
pH of the solution, the channel surface can become negatively or positively charged. For 
the cases which we consider in this work, a negatively charged wall is assumed. The 
resulting distribution of ions creates an electric double layer (EDL) consisting of a 
closely bound compact layer and a secondary diffuse layer. The EDL therefore locally 
exhibits a net charge counteracting the surface charge because the number of counter-ions 
exceeds the number of co-ions close to the surface (Kang et al. 2009). The electrical 
potential at the edge of the compact (stern) layer (see Fig. 1.1) is known as the zeta 
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potential of the wall (  ). This value serves as an approximation of the potential at the 
wall itself (Karniadakis et al. 2005). 
1.3.2 Electro-osmosis 
 
Figure 1.2 A theoretical schematic of the electro-osmotic velocity profile resulting from 
the presence of an electric field and a particle undergoing electrokinetic motion. For 
consistency with Fig. 1.1, the positive ions and the external cathode are represented in 
purple. Furthermore, the negatively charged solid channel walls, solid particle, and the 
anode are represented in green. The large red arrow signifies the direction of the electric 
field, while the smaller red arrows signify the magnitude and direction of the fluid.  
 
The migration of a fluid resulting from an imposed electric field is known as electro-
osmosis. When an external electric field is applied to a fluid, the Coulombic force which 
acts upon the counter-ions in the diffuse layer causes the motion of ions, which 
subsequently entrains the surrounding fluid through viscous interactions (Kang and Li 
2009; Kang et al. 2009). This phenomenon is specific to the description of the bulk fluid. 
It is apparent that the velocity profile, shown in Fig. 1.2, is plug-like, unlike that which is 
associated with a more familiar parabolic pressure-driven flow. Such a velocity profile 





Electrophoretic motion operates in a manner similar to electro-osmotic flow; 
however, instead of the movement of the bulk fluid, motion of particles within the fluid 
occurs. When subject to an applied electric field, a charged particle will migrate to the 
electrode of opposite charge. In most cases, this migration is toward the anode (Masliyah 
and Bhattacharjee 2006).  In the presence of a uniform electric field only, particle motion 
occurs as a result of a combination of electro-osmosis and electrophoresis. Together they 
describe the relative motion of solid particles and electrolytes within a uniform electric 
field (Levine and Neale 1974). In most flows, electrophoretic motion opposes electro-
osmotic motion: positively charged counter-ions migrate in the direction of the electric 
field while negatively charged particles migrate toward the anode. This migration of the 
particle is lessened under the presence of a similar EDL which forms around the particle. 
(Fig. 1.2) Also, influence from electro-osmotic flow is generally able to overcome 
electrophoretic motion to result in a net motion of the fluid along the electric field lines. 
The velocity components resulting from electrophoretic and electro-osmotic motions are 
expressed together as electrokinetic mobility,    . Taken separately, the components of 
velocity resulting from electro-osmosis,    , and electrophoresis,   , can be expressed 
as follows (Hawkins et al. 2007): 
     
    
  
             (1.1) 
    
    
  
              (1.2) 
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where     and     are the electrophoretic and electro-osmotic mobilities respectively,  
   and    are the zeta potentials (surface potential term) of the particle and wall 
respectively,   is the electric field, and    is the fluid dynamic viscosity. The opposite 
sign of these two velocities conforms to the previously explained physical mechanism of 
these two flow phenomena. When taken together, these two competing velocity 
components result in an overall electrokinetic velocity: 
    
         
  
             (1.3) 
where    is the real component of fluid permittivity. It should also be noted that for 
purely electro-osmotic flows in general, streamlines follow electric field lines when the 
EDL is thin (Santiago 2001)  
1.3.4 Dielectrophoresis  
In a straight channel of uniform thickness and without internal obstructions or 
imposed electric field gradients, the electric field distribution is likewise uniform. If, 
however, there is a non-uniform electric field, an interesting phenomenon known as 
dielectrophoresis (DEP) emerges. DEP was first described by Pohl, in 1951 (Pohl 1951). 
In his paper, Pohl describes the precipitation of suspended solids in a fluid under the 
influence of an inhomogeneous electric field. It is important to note that this force acts 
independently of the direction of the applied electric field; it is only a function of the 
spatial electric field gradient (Hughes 2002).  
The fundamental principle behind this phenomenon is the tendency for matter to 
be polarized when subject to an electric field. The direction of the force depends upon the 
relative polarizability of the particle and the fluid in which it is immersed. If the particle 
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is more polarizable than the fluid, it will undergo positive dielectrophoresis (pDEP), 
which is a migration toward the electric field maxima. It follows therefore, that negative 
dielectrophoresis (nDEP) occurs when the fluid is more polarizable than the particle, 
resulting in a migration of particles toward the electric field minima. When a particle 
immersed in a fluid is introduced into an electric field, an electric potential identical to an 
induced dipole moment is generated. The electric field force which such a particle 
experiences will take the following form:  
                       (1.4) 
where   is the particle net charge and    is the dipole force component (Gascoyne and 
Vykoukal 2002). For a field of uniform electric field (       the higher order terms 
vanish, leaving only the Coulombic interaction force. The existence of the particle, 
however, necessarily interrupts the electric field, which causes the dielectrophoretic 
component to persist. Eq. (1.4) arises from a Taylor series expansion [Eq. (1.5)] of the 
electric field        about an arbitrary point,   for a particle of diameter,  , where 
    .  
           
  
  
   
     
    
 
   
   
       (1.5) 
For a particle whose diameter is sufficiently small compared to the non-
uniformity of the electric field, the second term of the expansion gives a suitable 
approximation of     , the dielectrophoretic component under consideration. The 
dielectrophoretic force,     , given in the second term of Eq. (1.4), can therefore be 
expressed in the following way: 
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            (1.6) 
for 
        
 (
 ̃   ̃ 
 ̃    ̃ 
)        (1.7) 
where   is the particle radius,   ̃ is the complex permittivity of the fluid, and   ̃ is the 
complex permittivity of the particle. The permittivity in a general sense can be expressed 
as follows (Morgan et al. 2007): 
 ̃     
 
 
         (1.8) 
where   is the conductivity,   is the imaginary number, and   is the angular frequency. 
Depending upon the conditions of the electric field, the Claussius-Mossotti (CM) factor, 
   , which is the parenthetical term of Eq. (1.7), can be simplified significantly. In this 
experiment, only direct current (DC) electric fields were used to drive the particles.  For 
DC fields and low frequency alternating currents (AC), the CM factor becomes (Zhu and 
Xuan 2009a). 
    
     
      
          (1.9) 
so that      takes the familiar form of Eq. (1.10) (Morgan et al. 2007). A full derivation 
of this force can be found in Pethig’s review paper on dielectrophoresis (Pethig 2010).  
          
   [   ]   
        (1.10) 
where   [   ] expresses the real component of the Clausius-Mossotti (CM) factor. 
1.4 Thesis Overview 
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 The aim of this thesis is to experimentally demonstrate novel particle 
manipulations through electrokinetically driven flows in three different spiral 
microchannels. Each different channel corresponds to a different experiment with a 
different objective. The first of these (chapter 2) involves a single (Archimedean) spiral 
with a single inlet reservoir and a single outlet reservoir. In it, a parametric study of 
particle focusing is conducted along with a final filtration based on particle size. 
Accompanying this work is the detailed account of device fabrication which will be 
consistent for each subsequent experiment.  
The second experiment (chapter 3), which builds on the first, involves a similar 
single spiral channel with a single inlet and three outlets. This channel is used to 
demonstrate a novel separation technique based on a combination of C-iDEP and an 
apparent particle-wall interaction force for binary and ternary particle mixtures. The 
theoretical explanation of this mechanism is given in this chapter. Both experiments in 
chapters 2 and 3 are concerned with particle manipulations based on size. Chapter 4, 
however, deviates from this pattern. In an attempt to move closer to approximating real 
world applications, separations based on particle shape were conducted in the final 
experiment. 
The microchannel used in chapter 4 deviates from the single spiral design of the 
first two experiments by returning to a (Fermat’s) double spiral channel which has been 
previously used by others in the author’s group. The shape-based binary separation 
demonstrated therein is a new effort of considerable importance due to the applications of 
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shape-based discrimination for diagnostics. In each of these three chapters, 
accompanying numerical simulations performed by others in the author’s group are 
briefly explained. Theoretical descriptions are also given for each, though some 
mechanisms are common to each experiment. References to figures and equations will 
therefore be numbered in such a way as to aid in the task of flipping from chapter to 
chapter while reading. Finally, a short conclusion chapter is included to summarize the 





CHAPTER 2: Dielectrophoretic Focusing and Filtration in a Spiral 
Microchannel 
2.1 Background on Particle Focusing 
Particle focusing is of particular importance in the regime of microfluidic 
applications for its common use as a precursor to further manipulation (Xuan et al. 2010). 
Counting, sorting, and separating particle species requires that they be fully focused 
beforehand. While the simplest focusing mechanism is a converging microchannel which 
makes use of hydrodynamic forces generated through sheath flows (Fu et al. 1999; Mao 
et al. 2009), this method is generally only suitable for homogeneous particle species in 
dilute solutions. Sheath flows, which typically involve the intersection of two or more 
microchannels, work by pinching the particle stream to a certain equilibrium position. 
This stream of particles or cells can then be counted or otherwise manipulated for the 
intended purpose.  
A second classification of focusing, however, is called sheathless focusing. Rather 
than employ multiple flows to manipulate the particle stream, this type of focusing uses 
an applied body force to influence individual particles. External body forces arising from 
acoustic (Shi et al. 2011), dielectrophoretic (Yu et al. 2005), and magnetic (Liu et al. 
2009) fields have been experimentally demonstrated to focus particles. Internal forces 
arising from the channel structure have also been demonstrated to focus particles based 
on, among others, dielectrophoretic (Church et al. 2010), inertial (Di Carlo et al. 2007), 
hydrophoretic (Choi and Park 2008), and elasto-inertial (Yang et al. 2011) forces. As 
previously explained, the mechanism of dielectrophoretic focusing was used in this 
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experiment. A parametric study was conducted to explore the effects of particle size, 
electric field, and phosphate buffer solution concentration. 
The final objective of this experiment is to demonstrate the effective filtration of a 
solution which consists of two particle species of different size. Filtration is often 
necessary for applications in medical (Blankenstein and Larsen 1998) and water 
treatment industries (Odegaard 1998), among others. Conventional approaches for the 
removal of microparticles from solution have involved the use of membranes of various 
pore sizes; however, such approaches are subject to clogging and will often require 
expensive manufacturing processes. In an effort to escape the need for such membranes, 
a number of microfluidic techniques have been proposed.  Inertial filtration strategies 
have been recently demonstrated (Bhagat et al. 2009), but these are only generally useful 
for separation based on size. While this experiment will likewise concentrate only on the 
filtration of particles by size, it is nonetheless possible to differentiate particles based on 
other dielectric properties like charge via electrokinetic and, as in this case, 
dielectrophoretic flows (Green and Morgan 1997). The advantages of this approach are 
clearly suited to further exploration in future work. 
2.2 Experiment 
2.2.1 Experimental Setup 
The spiral consists of 4 clockwise loops with the inlet reservoir at the center of the 
loop. The distance from the inlet reservoir to the point of divergence at the channel outlet 
was 4cm. The channel, shown in Fig. 2.1, was manufactured to a depth of 25 μm. It has a 
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single outlet with an imbedded diffuser of insulating partitions. The width of the entire 
channel is 100 μm. 
 
Figure 2.1 Single-spiral microchannel pictured both from the side and from above in the 
figure inset. The larger skewed side-view displays the entire microchannel and slide with 
inlet and outlet reservoirs inserted. The top-view shown in the inset image reveals the 
relative size and flow direction of the device. The channel is dyed green for visualization. 
 
Spherical polystyrene particles (Sigma-Aldrich, USA), whose diameters were 3, 
5, 10, and 15 μm, were used depending upon the required application. Particles were 




 particles per milliliter in solutions 
of 1 and 2 mM phosphate buffer (PB), depending on the parameter being tested. For all 
tests excluding that which considered buffer solution concentration, a solution of 1 mM 
PB was used. In order to reduce particle-particle interactions, Tween 20 (0.5% v/v, Fisher 
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Scientific) was added to the particle solutions. The electrical conductivities for these 
particles were calculated to be 13, 8, 4, and 2.7 mS/cm via the relation given in Eq. (2.1) 
(Ermolina and Morgan 2005): 
      
   
 
         (2.1) 
where    is the bulk conductivity, assumed to be zero in this case,   is the particle radius, 
and    is the surface conductance. For latex particles, the surface conductance is assumed 
to be 1nS (Ermolina and Morgan 2005).  The electrical conductivities of the 1 and 2 mM 
phosphate buffer solutions were measured to be 200 and 400 mS/cm respectively. It is 
therefore straightforward to conclude that deflection based on negative DEP was 
expected in each case. The corresponding CM factor [defined in Eq. (1.9)] for these 
particles was calculated to be near -0.5 for each case tested, which conforms to 
expectations. A DC power source was used. Platinum electrodes connected to the power 
source were inserted at the inlet and outlet pipette reservoirs to supply power to the 
channels. Images were taken with an inverted microscope camera system (Nikon DS-
Qi1Mc) in conjunction with imaging software for processing videos (NIS-Elements AR 
2.30). Tests were conducted repeatedly for each parameter to ensure the reliability of the 
results. Variations in temperature, and therefore resistance, were not considered based on 
the demonstrated consistency of electrical current (on the order of 2-3 μA for 1600 V 
imposed) in each experimental trial. 
2.2.2 Device Fabrication 
A single-spiral microchannel, as shown in Fig. 2.1, was used to demonstrate the 
novel particle manipulation techniques previously discussed. Channels were fabricated 
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via a standard soft lithography technique.  Several molds of the microchannel were 
manufactured initially for repeated use after each experimental trial. To create the 
channel photomasks for the specified geometry, drawings made using AutoCAD® 
software were printed on a photomask sheet and were marked transparent (CAD/Art 
Services, Bandon, OR). After glass slides were thoroughly cleaned, Photoresist (SU-8 25, 
MicroChem Corp, Newton, MA) was uniformly dispersed to a specific depth of 25 μm 
using a programmed spin-coater (WS-400E-NPP-Lite, Laurell Technologies, North 
Wales, PA) which ramped to a final speed of 2000 rpm for 25 seconds. Once the coating 
was complete, each slide was baked in a two-step process from 65°C for 3 minutes to 
95°C for 7 minutes on two hotplates (HP30A, Torrey Pines Scientific, San Marcos, CA). 
Then, with the photomask negative applied to the top of the photoresist coating, the slide 
was exposed to a UV treatment (ABM Inc., San Jose, CA) to create the channel imprint. 
The intensity and exposure time used were specific to the designated channel thickness. 
Directly following the UV treatment, the channel was again baked for 1 minute at 65°C 
and finally for 3 minutes at 95°C. The slides were then developed in an SU-8 developing 
solution for 5 minutes and rinsed with isopropyl alcohol to reveal the finished 
microchannel mold.  
Once dry, the channel molds were placed in individual Petri dishes and covered 
with liquid polydimethylsiloxane (PDMS). Bubbles created in the PDMS during its 
mixing and pouring were subsequently removed using a vacuum oven for 15 minutes 
(13-262-280A, Fisher Scientific, Fair Lawn, NJ).  The PDMS was then cured for two 
hours at 70°C in a gravity convection oven (13-246-506GA, Fisher Scientific, Fair Lawn, 
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NJ). Once removed from the oven, the Petri dishes were allowed to cool. Then, using a 
scalpel, the channels were cut from and peeled off of the molds. At the channel inlet and 
outlet, holes were punched using a syringe with a needle of diameter of 1.65 mm to serve 
as reservoirs. After taking care to ensure that no debris remained on the surface, the 
channel side and a cleaned glass slide were plasma treated (PDC-32G, Harrick Scientific, 
Ossining, NY) for 1 minute and 30 seconds. Once removed, the clean slide and the 
channel are immediately bonded and heated on a hot plate for 45 seconds at 120°C to 
ensure a strong, permanent bond. When the channel had cooled sufficiently, deionized 
water was introduced through the reservoirs via capillary action to preserve the 
hydrophilic properties of the channel walls. Pipette tips filled with particle solutions were 
then inserted into each reservoir to equal heights. Solutions in each pipette were balanced 
before every trial to minimize experimental disparities due to pressure differences. 
Pressure driven flow due to fluid accumulation at the outlet was, after a run time of five 
minutes, determined experimentally to reach a velocity which was less than 10% of 
electrokinetic flow velocity on average. This relatively small opposing flow did not have 
a significant effect on particle trajectories given the short experimental run times.  
2.3 Theory 
2.3.1 Mechanism 
Fig. 2.2 describes the contour of the electric field distribution within a curved 
channel section. The direction, as defined in the arrows at the base of the figure, is from 
the positive inlet to the grounded outlet. Particles within the channel undergo influence 
from various forces arising from the presence of the electric field and viscous drag 
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phenomena. These forces, outlined in previous sections, arise principally from 
electrokinetic and dielectrophoretic phenomena.  
 
Figure 2.2 Illustration of the particle manipulation mechanism arising from the imposed 
electric field. Arrows at the bottom of the figure portray the direction of the electric field, 
while the coloration illustrates its varying intensity (the darker, the higher). Components 
of particle velocity arise from electrokinetic forces (   ), dielectrophoretic forces 
(    ), and interactions between the particle and the wall (    ).  
 
The velocity of the particle,   , can be summarized as the combination of its 
three most significant components: electro-osmosis, electrophoresis, and 
dielectrophoresis. A fourth component of velocity arises as a result of a repulsive 
particle-wall interaction force present close to the boundary (Kang et al. 2006). The 
resultant velocity is given in the following equation: 
                 
                           (2.2) 
          
                (2.3) 
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              [          ]       ⁄⁄     (2.4) 
where      is the dielectrophoretic mobility and      is the numerically derived 
coefficient of the particle-wall velocity given in terms of the separation distance,  , of the 
particle from the wall (Church et al. 2010),   is a computational correction factor used 
only for the simplification of the accompanying numerical models, and   is the unit 
vector normal to the channel wall. The velocity due to the particle-wall interactions has 
been experimentally demonstrated by our group in particle electrophoresis through a 
straight microchannel; however, the accompanying computational work which others in 
the author’s group performed made use of the empirical      rather than the analytically 
determined formula expressed in Eq. (3.4). Based on the facts that both the Reynolds and 
Dean Numbers are very small under the experimental conditions, the inertial and 
centrifugal motions have been reasonably neglected in Eq. (2.2).  
It is reasonable to assume that the continuous separation of a collection of mixed 
particle species would depend solely upon their inherent differences. The different 
properties of these species are exploited when an electric field gradient is applied, and the 
particles and medium respond. It is clear from the above equations that the conductivities 
of particles and medium, as well as the size of the particle, contribute to these species-
dependent behaviors (Benguigui and Lin 1982). The non-linear dependence of force on 
particle size makes dielectrophoresis an attractive strategy for particle manipulation by 
size. Although other characteristics are useful for the manipulation of particle species, 
only size was considered in this case. A ratio of the mobilities of dielectrophoretic and 
electrokinetic components provides a useful summary of the discriminating variables 
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considered. The velocity ratio given in Eq. (2.5) is only valid for particles in DC electric 
fields.  
    
   
 
     
        
        (2.5)  
Deflection within the spiral can be approximated with the following function (Zhu and 
Xuan 2011): 
            
    
   
         (2.6) 
where   is the rotating angle of the spiral. It can be assumed from these relations that the 
degree to which a particle is deflected could be increased with a stronger electric field 
and a greater number of rotations. Also apparent in the velocity ratio is the notion that the 
particle deflection is expected to increase as the size of the particle increases.  
2.3.2 Numerical Simulation 
To predict and verify the effect of negative DEP and the wall repulsion force on 
the particles, a revised numerical model based on Kang et al (Kang et al. 2008) was 
developed using a Lagrangian tracking method to simulate the electrokinetic transport of 
particles through the spiral microchannels. The model neglects the perturbations of 
particles on the flow field and electric field as well as particle-particle interaction. 
Instead, a correction factor, c, is introduced to account for the particle size effects on 
     and corresponding dielectrophoretic velocity. This model has been verified by 
comparing several experiments with the simulation predictions from our group. In this 
model, the particle velocity,   , is given in Eq. (2.2). The instantaneous position of a 
particle,   , is obtained by integrating the particle velocity   ,  as 
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         ∫   
 
 
              (2.7) 
Where    represents the initial location of the particle, and   is the time period from the 
initiation. The determination of the position of the particle in this way relies on the 
assumption that such a particle moves at close to its terminal velocity at every time step. 
This assumption is considered acceptable due to the fact that the characteristic time 
required to reach terminal velocity is on the order of 10
-4
 s (Kang et al. 2006). 
Numerical modeling was carried out using COMSOL

 (Burlington, MA).  After a 
2D closed-loop drawing of the spiral microchannel was developed in AutoCAD, it was 
imported into COMSOL

. Corresponding boundary conditions were assigned for the 
electric voltages imposed on the reservoirs and the insulating conditions on all channel 
walls. After refining the mesh for the governing domain, the electric field distribution 
was computed by solving the Laplace equation in COMSOL

. The finite-element-model 
(FEM) structure was then exported into MATLAB® as a whole for further computing. 
The initial position of a particle was specified at the channel entrance and a custom-
written script in MATLAB was used to determine the particle position,   , where the 
key function is to calculate the particle-wall separation distance γ and thus the coefficient, 
    , from Eq. (2.4). All particles were assumed to enter into the spiral microchannel 
uniformly from the inlet reservoir. For the binary and ternary separation, the maximum 
numbers of each size of particles which can flow through the channel in parallel were 
chosen with their initial positions evenly distributed at the channel entrance. 
The electrokinetic mobility,    , used in Eq. (2.2), was obtained by estimating the 
average particle velocity in the straight section of the microchannel where DEP is 
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negligible. The dielectrophoretic mobility,     , was determined from Eq. (2.3) by 
assuming the dynamic viscosity,   = 0.910
3
 kg/(ms), and the permittivity,    = 
6.910
10
 C/(Vm), for pure water at 20 °C.  The correction factor,  , was determined by 
matching the predicted particle trajectories to the observed particle streaklines in the 
experiment. The calculated electric conductivities of these three types of particles are 
given in section 2.2.1 (Experimental Setup). 
2.4 Results and discussion 
2.4.1 Electric Field Effects 
Fig. 2.3 demonstrates the progressive continuous focusing of 10 μm particles in a 
single spiral microchannel under varying applied inlet voltages. At 400 V, the lowest 
applied voltage, particles are generally distributed throughout the channel. At 1600 V, 
pictured in the bottom row, Fig. 2.3(c), particles are well focused to the right of the 
channel. As the particles move from a region of uniform channel width, seen in the 
channel spiral, to the widened channel outlet, the electro-osmotic velocity decreases. The 
electric field intensity becomes weaker, thus reducing the nDEP force on the particles. 
The streamlines of the fluid, which are expected to follow the electric field lines, also 
diverge. This divergence is the reason for the widening of the particle stream in the 
outlet. To counteract this phenomenon, the insulating partitions at the outlet help to 
further focus these particles via the presence of increased electric field intensity between 
themselves.  
For each experimental result in Fig. 2.3, there are accompanying numerical 
results. The model accurately predicts the behavior of the particles. The apparent 
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discrepancy in Fig. 2.3(c3) and Fig. 2.3(c4) likely results from the presence of particle 
agglomerations for which the numerical model does not account. 
 
Figure 2.3 Superimposed images of 10 μm particle trajectories in a 1mM PB solution in 
comparison with numerical modeling results. Various applied voltages alter the particle 
trajectories through an increase in deflection. Imposed potentials were as follows: 400 V 
for images (a1), (a2), (a3), and (a4); 800 V for images (b1), (b2), (b3), and (b4); and 1600 
V for images (c1), (c2), (c3), and (c4). Experimental results appear on the left, while 
numerical results appear on the left. The channel spiral images were captured in the 
middle right quadrant of the spiral. 
 
At the inlet of the channel, particles are evenly distributed throughout the 
solution. As they travel within the spiral of the channel, particles undergo a negative DEP 
force which progressively focuses the particles to the region of lowest electric field 
intensity on the outer wall of the channel. The consistent curvature of the channel allows 
the DEP force to be continually applied to the particles as they move through each 
successive loop. This trend is most apparent in Fig. 2.3(c1) under a large imposed 
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voltage. The degree to which particles are focused depends mainly upon the mobility 
ratio of the particles,         . As discussed previously, larger particles experience 
stronger negative DEP force. Under the same conditions, therefore, larger particles are 
focused more than smaller particles. In Fig. 2.4, this type of focusing is effectively shown 
by size difference. 
2.4.2 Particle Size Effects 
 
Figure 2.4 Superimposed images of experimental results comparing particle focusing 
effects based on particle size. An imposed potential of 800 V DC was applied to each 
inlet. (a1) and (a2) show 5 µm particles in the channel spiral and outlet respectively. (b1) 
and (b2) show 15 µm particles in the channel spiral and outlet respectively. 
 
The dielectrophoretic component of velocity, as given in Eq. (2.2), operates as a 
function of the gradient of the electric field squared and the square of the diameter of the 
particle. When the particle size increases, its dielectrophoretic mobility increases. As with 
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an increase in the electric field, an increase in particle size has a significant effect on the 
particle’s ability to be effectively focused.  
Fig 2.4 shows a comparison of two different particle species under an imposed 
potential of 800 V DC and a solution concentration of 1 mM PB. The larger 15 µm 
particles [see Fig. 2.4(a)] are more consistently focused to the right wall of the channel 
outlet. The smaller 5 µm particles [see Fig. 2.5(b)] are fairly well distributed throughout 
the spiral and the channel outlet. It is notable that the separation distance between the 
right wall and the focused particle stream does not follow the behavior that one might 
expect from purely C-iDEP focusing. From the previous discussion, one might expect 
fully focused particles to be forced to the extreme right of the channel due to the location 
of the electric field minimum. This assumption, however, fails to account for the 
insulating effects of the particles themselves. Because the electric field cannot penetrate 
the particles, there is a non-uniformity created between themselves and the insulating 
wall. A dielectric-type effect necessarily results. While it might have little bearing on the 
ability to focus particles, this effect will prove to be a valuable tool for full separations in 
the following chapter. A more complete explanation will therefore accompany the 
separation results.  
2.4.3 Solution Concentration Effects 
 Fig 2.5 demonstrates the apparent difference in focusing ability based upon the 
phosphate buffer concentration in particular solutions. For this study, 15 μm particles 
were compared at an imposed potential of 800 V DC. The data set which was previously 
used in Fig. 2.4(b) is used again in Fig 2.5 (a). To contrast this case, Fig. 2.5(b) reveals a 
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more tightly focused stream both in the spiral and at the channel outlet [see Fig. 2.5(b2)] 
resulting from a 2 mM PB concentration. 
 
Figure 2.5 Superimposed images of experimental results comparing particle focusing 
effects based on particle size. An imposed potential of 800 V DC was applied to each 
inlet. Images (a1) and (a2) show a 1 mM PB solution of 15 µm particles in in the channel 
spiral and outlet respectively. (b1) and (b2) show a 2 mM PB solution of 15 µm particles 
in the channel spiral and outlet respectively. 
 
 This phenomenon is expected due to the decrease in the so-called CM factor [see 
Eq. (1.9)] that occurs with a relatively higher conductivity of solution. The lower CM 
factor then produces a greater negative DEP force in order to more quickly focus the 
particles. The final mean position of the particle stream, however, remains unchanged 
from one case to the other. A possible explanation for this tendency is the accompanying 
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increase in the particle-wall interaction force. This factor, along with an increased 
possibility for Joule heating within the channel walls, caused us to focus subsequent 
experiments on solutions of 1 mM PB.  
2.4.4 Filtration 
For both Fig. 2.6(a) and Fig. 2.6(b), a potential difference of 1600 V DC was 
applied to the channel containing a binary mixture of 3 and 10 μm particles in 1 mM PB. 
At this voltage, as explored in Fig 2.3(c3), 10 μm particles are well focused to the right of 
the outlet reservoir. The 3 μm particles, however, do not experience much nDEP force, 
causing them to be relatively unfocused at the outlet reservoir. This result is consistent 
with the particle size study in section 2.4.2. Because the smaller particles are distributed 
throughout the channel, a complete separation cannot be achieved; as a consequence, the 
application of filtration remains viable in this case.  
 
Figure 2.6 Snapshot image (a) and superimposed image (b) of evenly distributed 3 μm 
particles and fully focused 10 μm particles in a binary solution under an imposed 
potential of 1600 V. The darker stream in image (b) shows the focusing of 10 μm 
particles into the second partition from the right at the base of the image. Lighter streams 
are 3 μm particles distributed throughout. Comparative numerical simulations under the 




It is more obvious, also, that 3 μm particles extend further than 10 μm in both 
directions at the outlet and within the channel itself. This size-based particle-wall 
interaction force is easily discerned here. Numerical modeling results in Fig. 2.6(c) are 
consistent with these results. Because it depended on the starting position (data not 
shown) of the test particles, the final trajectory of the simulated particle streaklines 
(especially those which simulated 3 μm particles) varied greatly at the channel outlet.  
2.5 Summary 
This experiment effectively demonstrated the ability for particles of various sizes 
to be independently focused and subsequently filtered in a single-spiral microchannel 
with a single inlet and a single outlet. The mechanism for particle focusing was a 
combination of dielectrophoretic forces resulting from the non-uniform geometry of the 
channel and the interactions between the particle and the wall. Due to the insulating 
nature of the walls and the curvature of the channel, electric field gradients emerged. 
Polystyrene particles, whose Claussius-Mossotti factor was negative, migrated toward the 
electric field minima. They could not, however, reach the opposite wall due to the 
squeezing of electric field lines between the wall and the particles themselves. Focusing 
ability increased with the strength of the electric field, the diameter of the particles, and 
the phosphate buffer concentration of the solution. A parametric study of each of these 
variables was conducted for individual particle species before a filtration of 10 μm 
particles from 3 μm particles was achieved. This experiment provided the foundation for 
the coming experiment wherein various particle species were fully focused and separated 
based on the same underlying mechanisms. 
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CHAPTER 3: Electrokinetic Separation in Single Spiral Microchannels 
3.1 Background on Particle Separation 
The numerous medical (Chin et al. 2007) and industrial (Stone et al. 2004) 
applications of lab on a chip devices often require the particles under consideration to be 
separated and isolated from a previously heterogeneous particle solution. Such particles 
can range in type from polystyrene beads, as in this case, to living cells, microbes, and 
drugs (Takagi et al. 2005).  Separation, like filtration, can be achieved based on a number 
of different properties of an individual particle, but the most common differentiator is 
size. This experiment will focus primarily on size, but will also include an exploration of 
separation based on shape. This type of novel application will serve to bridge the gap 
between idealized experimental cases and real-world applications. While the separation 
and isolation of individual particles from solution is possible through the use of lasers 
(Arai et al. 2003), laminar flow separations (Oakey et al. 2008), and other forces, the 
concern of this paper is a separation of a particular group of particles with similar 
properties. Continuous flow techniques are particularly well suited to this type of 
separation. Among them are, as discussed earlier, deterministic displacement (Huang et 
al. 2004), hydrodynamic forces (Bhagat et al. 2008), inertial migration 
(Kuntaegowdanahalli et al.  2009), electrokinetic forces (Gascoyne and Vykoukal 2002), 
and numerous others. The coupled particle-wall interaction and dielectrophoretic force, 
which can be categorized as a type of electrokinetic force, is the principle separation 
mechanism for this case. 
34 
 
The objective of this experiment, in keeping with the previous experiment, is to 
demonstrate the effectiveness of an insulating single-spiral microchannel for the 
manipulation and separation of solutions of polystyrene beads. The results of the focusing 
and filtration experiment provided valuable insight into the nature of the interplay 
between the dielectrophoretic curvature-induced forces and the particle-wall interaction 
forces. The expectation for this separation channel is that particles of smaller size will 
focus closer to the right wall of the channel, while larger particles will focus toward the 
center. A different streakline for each particle size lends itself to the possibility for a full 
separation.  
3.2 Experiment 
As in the previous experiment, a spiral channel of 4 clockwise loops was used for 
the separation of polystyrene particles by size. The diameter of the most inner loop is 4 
mm and the loop-to-loop distance is maintained at 200 μm. A complete separation of 
distinct species, however, requires the incorporation of additional outlets. The addition of 
these outlets, which are shown in Fig 3.1, will lengthen the channel to 6.7 cm. Because 
the length of the channel is directly tied to the intensity of the electric field, some 
compensation was necessarily made for the resulting weaker dielectrophoretic focusing. 
The width of the spiral component of the channel was therefore decreased from 100 μm 
to 50 μm. With a smaller lateral distance to travel, the particles within the channel do not 
require as large an electric field to be completely focused. The imposed electric potential 
could likewise remain at a level similar to that of the previous channel.  
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In expanding upon the findings of the previous experiment, polystyrene particles 
(Sigma-Aldrich, USA) of 5, 10, and 15 μm were used in solutions of 1mM phosphate 




 particles per milliliter. Tween 20 (0.5% 
v/v, Fisher Scientific) at a concentration of approximately 5% of the total volume of 
solution was also used to reduce particle adhesions. Eq. (2.1) was again used to calculate 
electrical conductivities of particles of 8, 4, and 2.6 mS/cm respectively.  
 
Figure 3.1 Top-view image of the single-spiral microchannel (filled with green food dye 
for visualization) used in particle focusing and separation experiments. The three outlets 
are numbered for references in the text and the block arrows indicate the flow directions 
 
A DC power source supplied the imposed electric potential to a custom built 
circuit used for the discrete control of inlet and outlet reservoir voltages. While the inlet 
voltage was set with the power source, a series of resistors and adjustable potentiometers 
supplied various potentials to each outlet. Platinum electrodes were placed in each 
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reservoir pipette to deliver the voltage to the solution. Images were taken and processed 
with the same inverted camera and software system used in the previous experiment.  
3.3 Theory 
The mechanism responsible for the motion of particles in this experiment is 
identical to that which was discussed in the previous chapter. The electrokinetic 
phenomena of electro-osmosis, electrophoresis, and dielectrophoresis are each at work in 
the same capacity. To elucidate the dielectrophoretic action in this case, a simplified form 
of Eq. (1.10) is introduced below (Zhu and Xuan 2009a) 




        (3.1) 
where    is the magnitude of the electric field,   is the radius of the particle (changed 
from previously used diameter for simplicity) and   is the radius of curvature of electric 
field lines [similar to fluid streamlines (Santiago 2001)] in Fig. 3.2, and   is the unit 
normal vector pointing towards the center of curvature. This form provides insight into 
the role of the channel geometry as it apparently alters the electric field. It should be 
noted that in Eq. (3.1), an assumption of -0.5 for the so-called Clausius-Mossotti factor 
(Morgan and Green 2002) has been made. The assumption of negative DEP, as indicated 
by the negative sign in Eq. (3.1), is validated by the relative conductivities of the particles 
(reported in section 3.2) and the fluid (directly measured to be 210 µS/cm).  
As a result, particles are pushed away from the inner wall of the spiral at a 
velocity,     [see Fig. 2.2], which has been likewise rearranged below to reflect the 
dependence on  . The competing mechanisms of electrokinetic motion are also present 
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in this case, as expressed in Eq. (1.3). The deflection which results likewise takes the 
familiar form of  Eq. (2.6). 
      
   
 
   
  
 
         (3.2) 
 
Figure 3.2 Illustration of the mechanism of electrokinetic particle separation in a curving 
microchannel due to the C-iDEP focusing and the particle size-dependent equilibrium 
position of the focused particles. The background shows the electric fields lines and 
contour (the darker color, the higher magnitude). Special attention is given to emphasize 
the effect of the particle-wall interaction force.  
 
The focused particle stream, however, cannot entirely align with the outer wall 
due to the wall-induced dielectrophoretic force that was briefly mentioned in the previous 
experiment’s results. This DEP-resembled lift force,     , results from the asymmetric 
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electric field around the particle when the particle is moving close to a dielectric wall 
(Yariv 2006; Liang et al. 2010a; Liang et al. 2010b), 








   
           (3.3) 
where   is the perpendicular distance between the particle center and the wall and   is 
the unit normal vector of the outer wall that points towards the fluid, which is consistent 
with the definition in Eq. (3.2).. The equilibrium position,    , of the focused particles is 
determined by a force balance of the dielectrophoretic force,      , in Eq. (3.1) and the 
particle-wall interaction force, Fp-w, in Eq. (3.3), 
    (
 
  
   )
 
 
        (3.4) 
Apparently, this particle center-wall distance,    , increases for larger particles, 
and is independent of the applied electric field. Considering that the radius of curvature 
for the most outer loop in our single-spiral microchannel [see Fig. 3.1] is   = 2.5 mm, the 
estimated values of     are 7.8, 13.1, 17.7 µm for 5, 10, and 15 µm-diameter particles, 
respectively. This dependence of     on particle size enables the continuous 
electrokinetic separation of particles in a single spiral microchannel to be demonstrated 
below. In order for this to happen, the electric field should be sufficiently strong, see Eq.  
(2.6), such that particles of various sizes can all reach their respective equilibrium 
positions at the end of the single-spiral microchannel.  
3.4 Results and discussion 
3.4.1 Particle Focusing 
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Fig. 3.3 demonstrates the characteristic separation distance between the particles 
and the channel wall for fully focused streams of 5 μm and 10 μm particles in 1 mM PB 
solutions (pictured separately) at an approximate voltage of 1600 V and an approximate 
electric field of 350 V/cm. The varying separation distances apparent in the figure are 
measured from right-most channel wall to the center of the particle stream. After the final 
loop of the spiral, the separation distance,    , for 5 μm particles was measured to be 
approximately 9 μm, while the 10 μm particles were measured to be approximately 15 
μm, both of which appear to be consistent with the estimated values via Eq. (3.4). Right 
before the point of divergence at the channel outlet, the particle center-wall distances for 
5 μm and 10 μm particles were measured to be approximately 14 μm and 22 μm, 
respectively, in the 50 μm -wide channel. When compared, it is clear that separation 
distance increases from the end of the channel curvature to the point of divergence at the 
outlet due to the particle-wall force in the straight segment of the channel.  
In the previous chapter, a discussion of the progressive focusing of particles as 
they move throughout the channel was presented. The same fundamental principle is at 
work in this case. Within the spiral, the electric field remains non-uniform. To the degree 
that this non-uniformity exists, a curvature-induced dielectrophoretic force also exists.  
Particles which are initially evenly dispersed within the channel will undergo a 
continuously applied force throughout the channel. As a consequence, focusing within 
the channel increases with each loop. Fig. 3.3 demonstrates this phenomenon for both 5 
μm and 10 μm particles. Like the previous case, the degree to which particles are focused 




Figure 3.3 Superimposed images of particle-wall separation distances within the channel 
for 5 μm particles in images (a1) and (a2) and for 10 μm particles in images (b1) and 
(b2). The top images are taken at the spiral sections of the channels, while the bottom 
images are taken at the point of divergence for the channels. In each case, the imposed 
voltage at the inlet was 1600 V DC and all outlets were grounded. The zoomed portions 
of each image demonstrate the tendency for particle streams to migrate to the left due to a 
particle-wall interaction force which dominates the lateral particle motion after the spiral 
section ends.  
 
the mobility ratio of dielectrophoretic and electrokinetic components. Both particle sizes, 
however, are fully focused at the point of divergence due to the smaller width as 
compared to the previous channel. Focusing, in this case, is a necessary precursor to 
separation. 
The differing streaklines are dependent on the size of the particle species. As 
such, it is expected that solutions of mixed particle species can be effectively separated 
based upon their sizes.  Because the strength of the electric field is inversely related to the 
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size of the channel cross-section, the electro-osmotic velocity, which depends on the 
electric field, decreases at the divergence of the channel. The width of the fluid 
streamlines, which generally follow the electric field lines, will necessarily diverge as the 
electric field intensity decreases. The streaklines of the particles can be seen to diverge in 
a manner consistent with this phenomenon.  As the channel expands, the stream diverges 
into three separate outlet reservoirs.  
The 10 μm particles, due to an apparent interaction with the wall, cannot reach the 
rightmost outlet. There is a discernible separation distance,    , between the particle and 
the wall which increases with the diameter of the particle. The particle-wall interaction 
force, which was earlier shown to operate as a function of the square of the particle 
radius, has its greatest effect in the straight portion of the channel where the only electric 
field non-uniformity arises from the particle itself. It is expected, therefore, that 
separation based on this principle could be improved with a longer straight channel 
portion.  
3.4.2 Binary Particle Separation 
This channel was also utilized for the demonstration of a complete separation of 
binary particle mixtures, followed by a separation of ternary particle mixtures. As 
pictured in Fig. 4.4, a mixture of 5 μm and 10 μm particles suspended in 1mM phosphate 
buffer was introduced into the channel inlet under various imposed electrical potentials. 
Both particle streams were continually focused to the outer wall of the second channel 
until a fully focused stream was realized. Once focused, the two particle species could be 
effectively separated at a purity of nearly 100% for both the first and second outlets, 
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counting from right to left (see Fig. 3.1). The sharp corners of the channel create non-
uniformities in the electric field, which, as expected, contribute a DEP force useful in 
directing particles to one outlet over another depending upon size. Evidence of this 
corner-induced region of E-field non-uniformity can be seen in a discernable gap which 
exists between the two streams pictured in Fig. 4.4 (b).  
 
Figure 3.4 Superimposed images of particle trajectories for the separation of a binary 
solution of 5 μm and 10 μm particles. Image (a) is an incomplete separation under an 
imposed potential of 1400V DC with all outlets grounded. Image (b) is a complete 
separation under an imposed potential of 1600 V DC with all outlets grounded. Image (c) 
is a complete separation under an imposed potential of 1400 V DC with the left-most 
outlet at a biased potential of 9 V; the other two outlets are grounded. Results of 
independent particle behaviors from numerical simulations under the same voltage 




For a full separation of a binary particle mixture in a channel with no biased outlet 
voltages, as shown in Fig. 4 (b), a 1600 V inlet potential is required. Any smaller voltage 
would result in the migration of 5 μm particles into the second reservoir along with the 10 
μm particles, as pictured in Fig. 3.4 (a). If, however, a biased outlet voltage is applied, a 
full separation is possible at a lower inlet voltage. Fig. 3.4 (c) demonstrates such a 
separation with the third (left-most) outlet reservoir at a slightly higher potential of 9V. 
This bias alters the electric field at the point of divergence so that the streamlines are 
forced more to the right. Those 5 μm particles which were previously inclined to travel to 
the second outlet will instead migrate to the first (right-most) for a full separation.  
While the particle streams are not fully focused at this lower imposed electric 
field, there is nonetheless an adequate trend toward the independent streamlines required 
for separation. A reduction in the applied inlet voltage is especially desirable for the 
possibility of the separation of living cells whose viability can be compromised under 
large electric fields (Voldman 2006). The use of bias voltages can be extended to focus 
particles in a number of various configurations depending upon the strength and location 
of the applied voltages.  
3.4.3 Ternary particle separation 
The ease with which streamlines can be manipulated using these bias voltages 
introduces the possibility for further, more complex separations. In the demonstration of 
such an acute particle separation (seen in Fig. 3.5), a ternary mixture of 15 μm, 10 μm, 
and 5 μm particles in a 1 mM phosphate buffer solution was introduced to the spiral 
channel geometry. Because an inlet voltage of 1600 V DC is useful for the separation of 
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5 and 10 μm particles, the same voltage was chosen for the ternary separation; however, 
15 μm particles, which were previously not used, become fully focused near the center of 
the channel. With all grounded outlets, 15 μm particles would be inclined to travel into 
the second (center) outlet along with the 10 μm particles. Biased electrical potentials of 
40 V DC and 19 V were therefore imposed at the second outlet. The tendency for 5 μm 
and 15 μm particles to follow the center stream created the need for the smallest potential 
difference between inlet and outlet, and therefore largest biased voltage, to be imposed at 
the second outlet. Numerical modeling results [see Fig. 3.5(b)] of particles under the 
same conditions approximate these results. Particle agglomerations and pressure 
differentials which build up between inlet and outlet reservoirs over time are likely 
responsible for the slight deviation in experimental and numerical particle streaklines.  
 
Figure 3.5 Superimposed (a) images for the ternary separation of 5, 10, and 15 μm 
particles under an imposed inlet voltage of 1600V DC and biased outlet voltages of 40V 
DC at the second (center) outlet and 19V DC at the first (right-most) outlet. Results of 
independent particle behaviors from numerical simulations under the same voltage 
conditions are given in image (b). 
 
Though there was not 100% purity at each outlet, the trend toward an effective 
separation can be seen in the graphs of Fig. 3.6. For this figure, data including more than 
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200 particles was compared. The ease of particle streamline manipulation through the use 
of biased outlet voltages allows for a range of inlet voltages to be effective for ternary 
particle separations (data not shown). An inlet electrical potential of 1600 V DC was only 
chosen to ease the separation of 5 and 10 μm particles. Because particle agglomerations 
sometimes formed at high electric field intensities, difficulties in separating larger 
particles emerged. As is apparent in the graph for outlet 3, particle agglomerations would 
be deflected toward the center of the channel due to their larger effective diameters, 
resulting in decreased purity.  
 
Figure 3.6 Column graph representing the purity of the ternary particle separation at 
1600V DC inlet voltage and biased outlet voltage. Percentages of particles entering each 
outlet are displayed. 97% of particles in outlet 1 (right-most) are 5 μm, 87% of particles 





In this work, we have developed a novel technique for particle manipulation 
through the use of a single spiral microchannel with a single inlet and three outlet 
reservoirs. Solutions of variously sized polystyrene beads suspended in 1 mM phosphate 
buffer were electrokinetically driven through the channels using an externally imposed 
electric field generated by a direct current power source. 5 and 10 μm particles were 
independently focused for the determination of the feasibility of separation. The ease 
with which particles were focused increased as the diameter of the particle increased; 
however, the distance from the channel wall,    , also increased as a function of 
increasing particle size [see Eq. (3.4)]. This distinction presented a new mechanism for 
particle separations. Binary separations of 5 and 10 μm particles were first demonstrated 
under an electric field with a single inlet voltage and grounded outlets. A successful 
separation with a reduction in inlet voltage was later demonstrated through the use of 
biased outlet voltages for the discrete manipulation of particle streams according to size. 
As the ability to manipulate particles in this way became apparent, a final ternary 
separation was realized. Results were consistent with numerical simulations of particle 
trajectories. This technique is effective for the independent control of particle species 
resulting from the use of biased outlet controls. Binary particle separations are especially 
straightforward in terms of repeatability and purity. The channel itself is favorable for its 
small footprint and robust geometry. A possible drawback from this technique is the 
tendency for particle agglomerations to form after time and under large imposed voltages. 
Such behavior reduces the purity of separations. Future work can be done for separation 
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under various conditions. These conditions might include: lower electric field intensities, 
separation of polystyrene particles by charge, separation of polystyrene particles by 




CHAPTER 4: Separation of Particles Based on Shape in a Spiral 
Microchannel 
4.1 Background on Shape as a Marker 
The applications of sorting and separating a particular type of particle or cell from 
an inhomogeneous solution have been enumerated at length in previous chapters. The 
vast range of techniques for achieving particle separations has also been explored. 
Separating and sorting particles requires the use of species characteristics which are 
either intrinsic, like size or density (Tsutsui and Ho 2009; Gossett et al. 2010), or 
external, as has been the case in the use of applied labels and markers (Fu et al. 1999). In 
the regime of separations based on intrinsic properties, size has been the dominant 
determining factor. Admittedly, the previous two chapters have also focused on such 
separations; however, in this work, which deviates slightly from the previous 
experimental mechanisms, a separation based on particle shape will be performed.  
For those real chemical and biological samples which may or may not differ 
considerably in size, cellular shape can be considered a more distinct identifying factor 
than other characteristics. Rod-like bacilli and spherical cocci (Janca et al. 2010), which 
are similar in both size and density, can be readily discerned based on their shape. Shape 
also plays an important role in identifying stages of development in the cell cycle (Martin 
2009), as is the case with the budding of yeast cells during division. Another important 
function of shape discrimination among cells in different states is the ability to diagnose 
disorders such as sickle-cell anemia (Ebert et al. 2010) and malaria (Anstey et al. 2009) 
which alter the bioconcave shapes of red blood cells in discernable ways. Leveraging 
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these characteristics can be valuable for many tasks like isolating pathogens for 
diagnosis, synchronizing cells according to stages of division, removing aggregates for 
drug delivery, and many others. The intention of this experiment is to demonstrate a 
viable technique for achieving such valuable applications. 
4.2 Experiment 
 
Figure 4.1 Picture of the double spiral channel used for the shape-based separation. 
Green dye was added to the channel for clarity. Arrows are included to indicate flow 
direction and outlets have been labeled for use in experimental discussion. 
 
The channel shown in Fig 4.1 differs considerably from the Archimedian spiral 
geometry which was used in the previous experiments. While still a spiral channel, this 
microchannel consists of two concentric spirals (Fermat’s spiral) of three loops each. The 
asymmetry of the channel widths occurs at the center of the double spiral where the first 
spiral, whose width is 50 μm throughout, transitions in rotational direction to a second 
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spiral of 100 μm uniform width. The trifurcation after the spiral, like in the size based 
separation, allows for particles of a particular species to be collected into separate outlets 
(labeled in Fig 4.1) according to their discerning characteristics.  
The depth of the channel is uniform at 25 μm and is 39 mm in length. Shape 
based sorting was achieved with a binary mixture of 5 μm polystyrene spherical particles 
(Sigma Aldrich USA) and 3.5 μm-diameter/6 μm-length peanut-shaped polystyrene 
particles (Magsphere, Inc., Pasadena, CA) suspended in a 1mM phosphate buffer solution 




 particles per milliliter. To compensate for the varying 
buoyancy of the particles, glycerol was added to the solution (22% by volume). To 
reduce particle adhesions, TWEEN 20 (0.1% by volume) was added to the solution. The 
same DC power source and circuit board which were used previously supplied the 




Fig. 4.2 demonstrates the direction and intensity of the electric field (darker color 
signifies higher intensity) within a channel section at the center of the two spirals. The 
image also portrays the asymmetry which exists between the first and second spiral 
where the second transitions to a width which is twice that of the first.  
The electric field behaves according to the path length variations resulting from 
the insulating restrictions of the channel geometry; this variation causes maximum 
intensities to occur at the inner and outer walls of each spiral respectively. Particles 
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within the channel experience a negative dielectrophoretic transverse motion as a result 
of the relative polarizability of both particles, as expressed by the negative Clausius-
Mossotti factor. The expression of this factor, which was previously given in Eq. (1.9), 
must be altered to account for the shape-dependence of the particle behavior [ Eq. (4.3)].  
 
Figure 4.2 Illustration of the particle sorting mechanism as it occurs in the center of an 
asymmetric double spiral microchannel. Color contours of the electric field intensity (the 
darker the higher) and electric field lines are included along with the direction of the C-
iDEP velocity for peanut and spherical particles. The differentiated positions of the 
particles are clear in the second spiral. 
 
A similar correction must also be made for the dielectrophoretic mobility,      , 
[Eq. (4.20)] of a given particle as it pertains to the lateral velocity component,     , 
[Eq.(4.1)] of an ellipsoid rigid particle (Zhu and Xuan 2009b). 
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        (4.3) 
where   is the radius of curvature of the electric field line and   is the magnitude of the 
electric field. The first of the shape correction factors,   , allows for the approximation of 
the Stokes drag on a particle. A value of      accounts for spherical particles, while 
values of      account for the increased drag force resulting from non-spherical 
particles whose surface area is greater for particles of the same volume (Kirby 2010). The 
second shape correction factor,   , is the depolarization factor necessary for particles of 
different shape. This value reduces to 1/3 for spherical particles (Jones 1995). 
The second component of velocity shown in Fig. 4.2,   , is one which exists 
independently of the dielectrophoretic component. The electrokinetic velocity exists as a 
result of the interplay between the electro-osmotic and electrophoretic forces. Both have 
been explained at length in previous chapters, but, as with the dielectrophoretic mobility, 
the electrokinetic mobility,    , requires a shape-specific correction factor. 
     
         
    
        (4.4) 
This factor,   , only takes on a value other than unity when the particles closely fit the 
size of the channel (Anderson, 1989). This correction, as well as those for the DEP 
velocity component, must be incorporated into a consideration of the mobility ratio [Eq. 




    
   
 
           
           
        (4.5) 
The intuitive difference in mobility ratios for particles of different shape allows 
for their effective separation. As a particle moves through the first, narrower spiral, it is 
deflected to a tight stream flowing near the outer wall of the first spiral. When this 
focused particle stream travels into the second spiral, particles still experience negative 
C-iDEP but with a reduced magnitude due to the increased width in the second spiral as 
compared to the first spiral (and hence a lower electric field magnitude/gradient in the 
second spiral). Particles are therefore deflected towards the outer wall of the second spiral 
from nearly the same position at a rate that is dependent on their mobility ratio,      
   . The result is a split of the single stream into two sub-streams based on the difference 
in intrinsic particle properties (Zhu and Xuan 2011) (Zhu et al. 2010). 
4.3.2 Numerical Simulation 
In order to understand and predict the electrical sorting of particles based on 
shape by C-iDEP, a simulation of the electrokinetic motions of spherical and peanut-
shaped particles in the asymmetric double-spiral microchannel was performed using an 
Arbitrary Lagrangian-Eulerian (ALE) method-based numerical model. This numerical 
method was developed by another member of the author’s research group (Qian and Ai 
2012) and has been validated by comparing the predicted electrokinetic motions of 
spherical (Ai et al. 2009a; Ai et al. 2010) and non-spherical (Ai et al. 2009b) particles 
with experiments in several structures of microchannels. It considers the dynamic 
particle-fluid-electric field interactions for moving particles in confined flows and 
computes the particle velocity (both translational and rotational) using hydrodynamic and 
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Maxwell stress tensors (Qian and Ai 2012). To reduce the computational time, the model 
considered only the particle transport which occurred in the horizontal plane (i.e., two-
dimensional) of the most inner loop of the spiral microchannel. The exact dimensions of 
the microchannel and the particles in the experiment were used in the model. 
4.4 Results and Discussion 
Fig. 4.3 demonstrates the electrical sorting of 5 μm-diameter spherical particles 
and 3.5 μm-diameter/6 μm-length peanut-shaped particles in the asymmetric double-
spiral microchannel. A potential of 1000 V was imposed on the inlet reservoir, and the 
three outlet reservoirs were all grounded. The average electric field in the channel was 
therefore estimated to be around 250 V/cm. At the inlet of the microchannel, the spherical 
and peanut-shaped (some are highlighted for a better illustration) particles were 
uniformly mixed, as seen in the snapshot image in Fig. 4.3(a). The particles traveled at 
approximately the same speed in the straight section, indicating that they had a similar 
electrokinetic mobility,    .  
In the center region of the microchannel, these two differently shaped particles 
lined the outer wall of the first spiral. This initial complete focusing in the first spiral was 
essential to the consistency of the subsequent sorting. The particles were then deflected 
away from the inner wall of the second spiral under a negative C-iDEP force, as 
illustrated in Fig. 4.3(b). The peanut-shaped particles appeared to experience a weaker 
DEP than the spherical ones, which suggests a smaller mobility ratio,         , of the 
two. As a result, peanut shaped particles were displaced at a slower rate, causing them to 
gradually separate from the stream of spherical particles. Finally, at the channel 
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trifurcation, the spherical and peanut-shaped particles were sorted into outlet 2 and outlet 
1, respectively, as demonstrated in Fig. 4.3(c) (the non-spherical particles have been 
individually highlighted for better illustration). The flow throughput of this shape-based 
particle sorting was estimated to be 5 μL/h, which is relatively low for practical 
applications. It can be enhanced by increasing the applied electric field and the 
width/depth of the spirals. Alternatively, the throughput can be enhanced through a 
parallel operation of multiple double-spiral microchannels, which may be easily arranged 
in the radial direction of a circle for compactness.  
 
Figure 4.3 Snapshot images showing the different stages of particle sorting for 3.5 µm-
diameter/6 µm-length peanut-shaped particles and 5 µm-diameter spherical particles in a 
double spiral microchannel. Image (a) shows the uniform distribution of particles at the 
inlet. Image (b) shows the focusing and subsequent splitting of particle streams in the 
center. Image (c) shows the full separation with peanut-shaped particles circled for 




This improvement is feasible because the C-iDEP sorter is entirely electric with 
easy connections and controls, which also facilitates its integration with other functional 
parts for building a real lab-on-a-chip device. The sorting purity was tested by manually 
counting the spherical and peanut-shaped particles in three independent videos. More 
than 300 particles were counted with at least 100 particles for each type. None of these 
particles were found to flow into outlet 3 [see the labeling in Figs. 4.1 and 4.3(c)]. The 
percentages of the spherical and peanut-shaped particles collected into outlet 1 and outlet 
2, respectively, are presented in the column plot in Fig. 4.4. A better-than-80% sorting 
purity is achieved for the targeted particle type in each outlet (i.e., peanut-shaped 
particles in outlet 1 and spherical particles in outlet 2). This value can be further 
improved by imposing a small DC voltage bias upon one or two of the outlet reservoirs to 
finely tune the effluent positions of the sorted particles at the trifurcation (see Fig. 4.6). 
 
Figure 4.4 Column Graph displaying the measured purity of particle sorting by C-iDEP 
in terms of the percentages of spherical and peanut-shaped particles into outlets 1 and 3 




Fig. 4.5(a) displays the numerically predicted trajectories of spherical and peanut-
shaped particles that start at similar initial positions in the spiral microchannel. Three 
particles (with one showing the shape) were chosen for both particle species; their initial 
positions were evenly distributed over the channel width at the entrance of the first spiral 
section. The zeta potentials of the particles and the wall were set to -40 mV and -15 mV, 
respectively. These values were selected to match the experimentally measured 




/V∙s a straight microchannel. The average electric 
field was set to 1200 V/cm in the model, which is about 5 times the value used in the 
experiment. This change is considered reasonable from Eq. (2.6) because only a half loop 
for each spiral was considered in the model, while the actual device consists of three full 
loops. 
 
Figure 4.5 (a) The numerically predicted trajectories of spherical and peanut-shaped 
particles (three for each type with one showing the shape) moving electrokinetically 
through the most inner loop of an asymmetric double-spiral microchannel; (b) zoom-in 
view of the predicted translation and rotation of particles (one for each type) at the initial 
few time steps; (c) further zoom-in view of the distorted electric field lines and contour 
(the darker the larger magnitude) around a peanut-shaped particle. The block arrows in 
(a) indicate the flow directions. 
 
All particles in Fig. 4.3(a) are fully deflected by negative C-iDEP to the outer wall 
of the first spiral, which is consistent with the experimental observation in Fig. 4.3(b). In 
the second spiral, spherical particles are deflected by C-iDEP at a faster rate than the 
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peanut-shaped particles; this tendency leads to a continuously increasing displacement 
between the two particle streams. This phenomenon explains qualitatively why the 
spherical and peanut-shaped particles are sorted into outlet 2 and outlet 1 of the spiral 
microchannel, respectively, in the experiment [see Fig. 4.3(c)]. Fig. 4.5(b) shows the 
predicted particle translation and rotation during the first few time steps, where the long-
axis of the peanut-shaped particle quickly aligns with the electric field. The distorted 
electric field lines and color contour around a peanut-shaped particle are shown in Fig. 
4.5(c). The expected tendency of particles to migrate toward electric field minima 
likewise explains why the particle rotates and moves transversely across the channel. 
 
Figure 4.6 Superimposed image of channel trifurcation under an imposed voltage of 
1200 V DC at the inlet and a biased voltage of 31 V at outlet 3. Other outlets were 




 The bias voltage circuit which was used for the binary and ternary separations 
achieved in the previous chapter was also employed here for the improvement of the 
particle separations. As Fig. 4.6 shows, an inlet voltage of 1200 V DC was necessary to 
further deflect both particle species toward the center of the channel after being fully 
focused in the first spiral (data not shown). In order to facilitate the movement of peanut-
shaped particles toward outlet 1, a bias potential of 31 V DC was applied to outlet 3. The 
tendency for both streams to move to the right is apparent in the streak which the 
spherical particles take as they move toward the right wall of outlet 2. The advantage of 
using this technique in the previous separations was the achievement of a full separation 
at a lower voltage. This advantage, however, is not present in this case. Emphasis was 
instead placed on the results achieved in Fig. 4.3 which required a lower inlet voltage. 
It is important to point out that the 3.5 µm-diameter/6 µm-length peanut-shaped 
particle has a volume which is equal to a 4.5 µm-diameter spherical particle. The size 
discrepancy, i.e.,  , in Eq. (4.5), between the peanut-shaped particle and the 5 µm-
diameter spherical particle should also, therefore, facilitate their sorting in the spiral 
microchannel by C-iDEP. This contribution is, however, estimated to be small as 
compared to that which results from the shape difference. This assumption was 
confirmed through numerical modeling where the simulated electrokinetic motion of a 
4.5 µm-diameter spherical particle starts from an initial position identical to that of a 5 
µm-diameter spherical particle under the same working conditions. The predicted 
trajectories of these two particles (data not shown) were found to slightly deviate from 
each other in both spirals of the microchannel, but were apparently well displaced from 
60 
 
that of the peanut-shaped particle. Following the protocol reported by Champion and 
Mitragotri (Champion and Mitragotri 2006), further work involves developing a setup to 
stretch polystyrene spheres to ellipsoidal shape with different aspect ratios while 
conserving the volume. These particles can be used to isolate the contribution of shape to 
separation from that of size difference. 
4.5 Summary 
In this chapter, we have demonstrated a microfluidic technique for continuous-
flow electrical sorting of particles based on shape in an asymmetric double-spiral 
microchannel by C-iDEP. This technique does not require external labeling, and has the 
capability of separating particles and cells based on multiple intrinsic properties, e.g., size 
and shape simultaneously, as seen from Eq. (4.5). Other properties such as stiffness 
(Geislinger and Franke 2013) (Wang et al. 2013) are not considered in this work for rigid 
particles, which may be potential markers for the C-iDEP sorting of disease infected 
cells. The author’s research group has also developed a numerical model to understand 
the shape-based particle sorting in the spiral microchannel, which qualitatively predicts 
the experimentally observed deflection behaviors of each type of particles in the two 
spirals. This model will be used to optimize the structure (e.g., Archimedean spiral or 





CHAPTER 5: Conclusions and Future Work 
 The preceding work provided demonstrations of several new applications for 
electrokinetically driven flows in spiral microchannels. The mechanisms for particle 
manipulation in each experiment relied on the geometry of the channel in order to induce 
dielectrophoretic forces on particles. In chapter 2, the first of the three experiments was 
performed. This demonstration was the most fundamental in form and served as a proof 
of concept for the focusing of particle streams in a single spiral channel. A parametric 
study followed which explored the effects of electric field, particle size, and phosphate 
buffer solution concentration. It was determined that larger particle sizes, higher electric 
fields, and higher solution concentrations all contributed to the increased focusing of 
particles within the channel. These three trends were consistent with expectations and 
were partly demonstrated with numerical modeling results (excluding solution 
concentration). The final objective of the first experiment was the performance of a 
filtration of 10 µm particles from a binary solution of 3 µm particles based on the results 
of the particle size parametric study.  
 In chapter 3, a more practical demonstration of the capabilities of a similar 
channel to the one used in chapter 2 was performed. In this experiment, a spiral of 
smaller width allowed for the complete focusing of 5 and 10 µm particles independently. 
This initial result proved valuable in presenting the novel separation technique which 
relies on the balance of C-iDEP and a particle-wall interaction force. Through the 
influence of these forces, 5 µm particles are pushed to the right-most outlet of the channel 
trifurcation, while 10 µm particles were directed to the center outlet. This result 
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confirmed the assumption that particle deflection was dependent on size. With these 
results, two particle separations were conducted. The first was a binary separation of 5 
and 10 µm particles and the second was a ternary separation of 5, 10, and 15 µm 
particles. The ternary separation required a biased voltage at the channel outlet for a 
complete separation and the binary separation could be improved with a similar voltage 
tuning. Modeling results closely approximated these results. Future work with this 
mechanism would likely require refining the geometry of the channel. The length of the 
straight portion of the channel is directly linked to the degree to which the particle-wall 
force takes effect. The number and angle of loops in the spiral could also affect the C-
iDEP force. Concentric ellipsoid loops, for instance, might result in an increased 
deflection based on Eq. (1.9). A simpler demonstration that might not require a new 
channel could involve a separation based on particle charge. Our group has previously 
conducted such experiments using the double spiral channel with promising results (Zhu 
and Xuan 2011). 
 The experiment conducted in chapter 4 deviated from the previous two 
experiments in the channel which was used. This double (Fermat’s) spiral channel used 
the principle of curvature-induced dielectrophoresis to separate particles based on shape. 
While our group has used this channel previously, the separation based on shape is a 
novel application which holds great value for medical research and diagnostic 
capabilities. For this experiment, 3.5 µm-diameter/6 µm-length peanut-shaped particles 
were separated from a binary mixture of 5 µm spherical particles. While the volumes of 
these particles were not the same, the effect of volume on separation was determined to 
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be insignificant under the accompanying numerical model. A separation was achieved 
both with fully grounded outlet reservoirs and with the aid of a biased voltage. It was 
observed that peanut-shaped particles would be deflected at a slower rate than the 
spherical particles, causing the peanut particles to drift toward the right-most outlet and 
the spherical particles to remain near the center. Future work in this experiment, as with 
the last experiment, could involve a refined channel whose loops are either increased or 
decreased according to the desired application. It is also postulated that focusing, and 
therefore, deflection could be improved with the use of a DC-biased AC electric field. 
Such a field, though more cumbersome than DC fields, could improve the purity and 
reliability of the device.  
 Dielectrophoretic forces (including C-iDEP and the particle-wall force) have 
unique and useful capabilities for particle manipulations in the realm of microfluidic 
“Lab-on-a-chip” devices. The spiral channels used in this thesis preserve and expand on 
the distinct advantages that these DEP forces provide. Numerous works have contributed 
to the advancement of the field, both through insulator-based and electrode-based DEP 
systems, but this thesis contributes uniquely to both its theoretical and practical 
applications. With future work, the principles and techniques discussed herein will likely 
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